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Pleurotus ostreatusProteins from the oyster mushroom, 15 kDa ostreolysin A (OlyA), and 59 kDa pleurotolysin B (PlyB)
with a membrane attack complex/perforin (MACPF) domain, damage cell membranes as a binary
cytolytic pore-forming complex. Measurements of single-channel conductance and transmembrane
macroscopic current reveal that OlyA/PlyB form non-selective ion-conducting pores with broad,
skewed conductance distributions in N18 neuroblastoma and CHO-K1 cell membranes. Polyethyl-
ene-glycol 8000 (hydrodynamic radius of 3.78 nm) provides almost complete osmotic protection
against haemolysis, which strongly suggests a colloid-osmotic type of erythrocyte lysis. Our data
indicate that OlyA/PlyB form transmembrane pores of varied sizes, as other pore-forming proteins
with a MACPF domain.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Binary cytolytic pore-forming proteins from the edible mush-
rooms Pleurotus ostreatus and Pleurotus eryngii consist of two
proteins, A and B, that can be separately isolated and have molec-
ular masses of 15 kDa and 59 kDa, respectively [1–3]. These
proteins can perforate cellular and lipid-vesicle membranes only
if the A and B components are combined [1]. A recent study has
shown that when the 15 kDa component A, ostreolysin A (OlyA),
from P. ostreatus, is combined with the 59 kDa component B,
pleurotolysin B (PlyB), this OlyA/PlyB targets membranes that are
rich in both cholesterol and sphingomyelin [4], which is a lipid
combination that is typical of lipid rafts. The binding of OlyA,
belonging to aegerolysins (NCBI: Pfam 06355) [4], onto mem-
branes was shown to be a prerequisite for recruitment of PlyBfor the assembly of these transmembrane pores as noticed before
for pleurotolysin A (PlyA), a protein similar to OlyA, and PlyB
[1,3]. PlyB has been predicted to contain a membrane attack com-
plex/perforin (MACPF) domain that is located N-terminally [3,5].
Electron microscopy of the oligomerised OlyA/PlyB on lipid
vesicle membranes has revealed mostly 13-meric rosette-like
structures (Fig. 1A), that are believed to represent transmembrane
pores of 19.7 nm in outer diameter and 9 nm in height, and with a
central ring of 4.9 nm in diameter [4]. Here, we show that native
OlyA/PlyB form pores with a hydrodynamic radius (rh) of more
than 2 nm, as estimated for erythrocyte membranes. Consistent
with this, OlyA/PlyB form non-selective ion pores in the plasma
membranes of N18 neuroblastoma cells and Chinese hamster
ovary (CHO-K1) cells, with a conductance of 600 pS and 485 pS,
respectively. We show for the ﬁrst time that electrophysiological
characteristics of the transmembrane pores formed by the fungal
aegerolysin, ostreolysin A, and MACPF-like protein, pleurotolysin
B, are alike to those found for bacterial cholesterol-dependent
cytolysins and cytolytic proteins of the vertebrate innate immune
system.
Fig. 1. Effects of La3+ and osmotic protectants on haemolysis of bovine erythrocytes induced by OlyA/PlyB (450 nM/50 nM). (A) Left: electron microscopy image of a top view
of the 13-meric OlyA/PlyB oligomeric complex on the membrane of lipid vesicles. Right: side-view of the top-to-top associated oligomers (do) (adapted from Ref. [4]). The
numbers and bars indicate the dimensions in nm. (B) Kinetics of haemolysis induced by OlyA/PlyB; a, haemolysis without additives; b, ﬁnal 1 mM La3+ and 2 mM EDTA added
as indicated by arrows; c, haemolysis in constant presence of ﬁnal 1 mM La3+. Control, erythrocytes alone. (C) Representative traces of haemolysis without (w) or with
osmoprotectants (Glc, glucose; Sac, sucrose; Raf, rafﬁnose; PEG, polyethylene-glycol, at various sizes). (D) Rate of haemolysis (1/t50) versus hydrodynamic radius of
osmoprotectants, as ethylene–glycol (EG) or polyethylene-glycols (PEGs). Data are means ± S.D. (n = 3).
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2.1. Cells, proteins and chemicals
Bovine red blood cells were prepared as described previously
[6,7] and suspended in erythrocyte buffer (140 mM NaCl, 20 mM
Tris–HCl, pH 7.4). Mouse N18 neuroblastoma cells were grown as
monolayer cultures in Dulbecco’s modiﬁed Eagle’s medium supple-
mented with 10% foetal bovine serum, 100 lM sodium pyruvate,
5 U/mL penicillin, and 5 lg/mL streptomycin. The cultures were
maintained at 37 C and in 5% CO2, until they reached 80–90% con-
ﬂuence, and were used within 2–4 days. The CHO-K1 cells were
grown in Dulbecco’s modiﬁed Eagle’s medium containing 5% foetal
bovine serum, 2 mM L-glutamine, and penicillin and streptomycin
(each 100 U/mL) at 37 C and in 5% CO2. The day before their use,
the N18 neuroblastoma cells and CHO-K1 cells were transferred
onto 1 cm  1 cm glass cover slips in growth medium at 37 C
and in 5% CO2, with the medium changed to a standard physiolog-
ical solution (composition speciﬁed in Section 2.3 for the two cell
types) for a minimum of 30 min at 37 C prior to use.
OlyA and PlyB from P. ostreatus (strain Plo 5) were puriﬁed and
characterised as reported previously [4]. OlyA and PlyB were
always mixed at a 9/1 M ratio before use. Dulbecco’s modiﬁed
Eagle’s medium and sodium pyruvate were from Gibco, Invitrogen.
All other chemicals were from Sigma (St. Louis, MO, USA).
2.2. Permeability of OlyA/PlyB pores in erythrocyte membranes
Haemolysis of bovine red blood cells in erythrocyte buffer in-
duced by OlyA/PlyB (450 nM/50 nM) was monitored turbidimetri-
cally using a UV-2101PC spectrophotometer (Shimadzu, Japan) or a
MRX microplate reader (Dynex, Germany) at 25 C, as described
previously [6,7]. The La3+ is a well-known blocker of non-selectiveion channels [8]. To test 1 mM-La3+ blocking of the OlyA/PlyB
pores, and its reversibility, 20 lL of 100 mM LaCl3 were added to
the erythrocyte suspension, and 80 lL of 50 mM ethylene diamine
tetraacetic acid (EDTA) to sequester the La3+. The sizes of the pores
created by OlyA/PlyB in the erythrocyte membranes were esti-
mated using an assay of osmotic protection of haemolysis [7,9].
The treated erythrocyte suspensions were supplemented with
30 mM of the following osmoticants: ethylene–glycol, glucose,
sucrose, or rafﬁnose, or a series of polyethylene glycols (PEGs) with
deﬁned hydrated diameters [10]. The reciprocal values of the time
to 50% haemolysis (1/t50) were used to deﬁne the indicative diffu-
sional rates of the osmoprotectants through the OlyA/PlyB pores,
and the relative permeability data were ﬁtted to the Renkin equa-
tion [7,9,11].
2.3. Electrophysiological recordings from N18 neuroblastoma cells and
CHO-K1 cells
Membrane currents recordings of the N18 neuroblastoma cells
and CHO-K1 cells were performed using a whole-cell patch-clamp
conﬁguration with the grounded extracellular compartment at
room temperature (20–22 C). The electrophysiological set-up
and protocols used were designed to be suited to the differences
in these excitable (N18 neuroblastoma) and non-excitable (CHO-
K1) cell models [12,13], and in addition, they avoided endogenous
channel activation (see below and the two following paragraphs).
CHO-K1 cells in particular have been widely used in patch-clamp
electrophysiology due to their very low expression of endogenous
ion channels. The resting membrane potential of the CHO-K1 cells
was measured at around 40 mV (our unpublished data), which
indicated the very low activity of endogenous ionic channels
[13]. On the other hand, N18 neuroblastoma cells have an around
60 mV resting membrane potential, and retain all the
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the expression of voltage-dependent ionic channels (for K+, Na+,
Ca2+, Cl), together with the ability to both proliferate and differen-
tiate, which makes them an excellent in vitro system for various
studies [12]. The pre-mixed OlyA/PlyB (2.7 lM/0.3 lM with N18
neuroblastoma cells; 270 nM/30 nM with CHO-K1 cells) solutions
were always dissolved in the extracellular solution and added to
the cells via a fast perfusion system that allowed changing the
solution around the recorded cell within a few seconds.
For the N18 neuroblastoma cell recordings, the patch-clamp pip-
ettes were made from soft capillary glass (Blue-Tip, Oxford), and
were pulled using a BP-7 puller (Narishige, Osaka, Japan) and
coated with Sticky Wax (S.S. White, Gloucester, UK). The solution-
ﬁlled pipettes had resistances between 2.5 MX and 5.0 MX. The
currents were recorded using an Axopatch 200B integrating
patch-clamp ampliﬁer (Axon Instruments), and were ﬁltered at
2 kHz with a low-pass Bessel ﬁlter. The ﬁltered signals were digi-
tised using a Digidata 1200 12-bit analogue-to-digital converter
(Axon Instruments) and stored using the pCLAMP 8 software (Axon
Instruments). The data were acquired at sample rates of 0.1–8 kHz,
as speciﬁed in the text. To limit the contributions of endogenous io-
nic channels to the macroscopic currents, most of the patch-clamp
experiments were performed at a holding potential (VHOLD) of
60 mV, and the macroscopic currents were recorded during po-
tential ramps (of 200 ms duration) from +60 to 60 mV (600 mV/
s). Under these conditions, the transient voltage-dependent
(especially K+, Na+ and Ca2+) currents, as well as the hyperpolariza-
tion-activated current (Ih), were minimised. To estimate the ionic
selectivity of the OlyA/PlyB pores, the reversal potential (VREV) of
the protein-induced current was determined during perfusion of
the cells with extracellular solutions of various ion compositions
as the potential for which the current recorded during potential
ramps after the protein mixture addition, minus that recorded be-
fore, was zero. In each case, the membrane potential was automat-
ically returning to zero, when the pipette was in contact with the
external solution of a given ion composition, to correct for the liquid
junction potential. The standard extracellular and intracellular pip-
ette solutions had the following compositions, respectively:
154 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH
7.4); and 140 mM KCl, 5 mM NaCl, 2 mM MgCl2, 10 mM ethylene
glycol tetraacetic acid (EGTA), 10 mM HEPES (pH 7.2). The osmotic
pressures of the intracellular pipette and the extracellular solutions
were 290–300 mOsm/kg, and 300–310 mOsm/kg, respectively, as
measured using a freezing-point osmometer (Knauer, Berlin,
Germany). The effects of La3+ on the OlyA/PlyB-induced transmem-
brane currents were determined with the inclusion of 1 mM LaCl3
in the standard extracellular solution.
For the CHO-K1 cell recordings, the patch-clamp pipettes were
made from borosilicate glass capillaries (WPI, Sarasota, FL, USA),
and pulled using a P-97 puller (Sutter Instruments, Novato, CA,
USA). These were then heat polished to obtain a resistance of
2–3 MX in a KCl-based solution. An Eclipse E600 FN upright
microscope (Nikon, Tokyo, Japan) was used for visualisation of
the cells, with a 10 differential interference contrast air objective
(NA, 0.3; WD, 16 mm) and a 60 differential interference contrast
water-immersion objective (NA, 1.0; WD, 2 mm). Whole-cell cur-
rents were recorded through a lock-in patch-clamp ampliﬁer
(SWAM IIC, Celica, Ljubljana, Slovenia), and were low-pass ﬁltered
(3 kHz, 3 dB). The WinWCP V3.9.3 software from J. Dempster
(Strathclyde University, Glasgow, Scotland) was used for the pulse
generation and data acquisition. The cells were voltage-clamped
at a VHOLD of 40 mV and the current–voltage (I–V) analysis was
performed using potential ramps of 300 ms duration, from
65 mV to +65 mV (400 mV/s). The standard extracellular and
intracellular pipette solutions contained, respectively: 140 mMNaCl, 4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM HEPES,
10 mM glucose (pH 7.2; 290 ± 5 mOsm/kg); and 110 mM KCl,
4 mM EGTA, 1 mM MgCl2, 2 mM Na2ATP, 40 mM HEPES (pH 7.2;
300 ± 5 mOsm/kg).
3. Results
3.1. Permeability of the OlyA/PlyB pores in erythrocyte membranes
OlyA/PlyB produced a colloid-osmotic type of haemolysis of bo-
vine red blood cells that was inhibited by 1 mM La3+. The La3+ was
inhibitory also if added during the haemolysis; however, seques-
tration of La3+ with EDTA completely restored the cell lysis
(Fig. 1B). A decreased haemolysis rate (1/t50) was observed also
with PEGs larger than PEG2000, although complete inhibition
was not seen even with PEG8000 (rh 3.78 nm; Fig. 1C, D). The rel-
ative haemolytic rates (with small sugars as reference), obtained
from Fig. 1D, versus the hydrodynamic radii of the osmoprotectants
could not be ﬁtted to the Renkin equation (not shown).
3.2. OlyA/PlyB form non-selective ion-conducting pores in N18
neuroblastoma cells and CHO-K1 cells
Three to ﬁve minutes after addition of OlyA/PlyB to the medium
bathing the N18 neuroblastoma cells and the CHO-K1 cells, there
were step-wise increases in the currents recorded (Figs. 2A, 3A).
Considering that the solution around the recorded cell was chan-
ged within a few seconds, this strongly suggests that a minimal
number of molecules have to bind to the membranes and oligome-
rise, as previously observed with trachynilysin [14]. Usually, this
resulted in a large increase in the macroscopic current and mem-
brane breakdown. Washing the cells with a protein-free physiolog-
ical solution soon after the ﬁrst pore openings did not reverse the
OlyA/PlyB effects, since the current never returned to zero after
withdrawal of the proteins, but prevented the membrane rupture
and allowed more accurate recordings of discrete events (Fig. 2A,
inset; Fig. 3A). Under these conditions, statistical analyses of the
distribution of the OlyA/PlyB pore conductances could be per-
formed by randomly collecting the discrete events from traces ob-
tained at a VHOLD of either 60 mV (N18 neuroblastoma cells) or
40 mV (CHO-K1 cells). In the N18 neuroblastoma cells, the distri-
bution of the OlyA/PlyB pore electrical conductance was asymmet-
ric, varying between about 400 pS and 2500 pS, with a modal and
median value of 600 pS and 683 pS, respectively (Fig. 2B; Sup-
plementary Fig. S1). In the CHO-K1 cells, the conductance distribu-
tion was similarly skewed, with a modal and median value of
485 pS and 760 pS, respectively. Unlike the N18 neuroblastoma
cells, however, in the CHO-K1 cells, pores with conductance larger
than 3000 pS were seen (Fig. 3B; Supplementary Fig. S1).
Macroscopic currents were recorded during the potential
ramps, before and after the OlyA/PlyB were transiently applied.
As shown in a representative experiment for the N18 neuroblas-
toma cells, the current that was almost zero under control con-
ditions (0.1 nA) was markedly increased (up to 2.5 nA) by OlyA/
PlyB (Fig. 2C). This current was completely inhibited by 1 mM
La3+ (Fig. 2C). Similar results were obtained for CHO-K1 cells
(data not shown). The amplitude of the induced current was cal-
culated and averaged in N18 neuroblastoma cells to plot the I–V
curve which was linear (Fig. 2D) and revealed a VREV of
0.00 ± 0.48 mV (mean ± S.E.M., n = 13; see also Supplementary
Table S1). Similarly, with the CHO-K1 cells, a linear I–V curve
was obtained from the averaged macroscopic current, with a VREV
of 2.50 ± 0.75 mV (mean ± S.E.M., n = 12) (Fig. 3C). The linearity
of the I–V relationships and the VREV close to 0 mV strongly sug-
gests that the pores are neither electrically rectiﬁed nor ion
selective.
Fig. 2. Ion pore formation by OlyA/PlyB (2.7 lM/0.3 lM) in N18 neuroblastoma cells. (A) Representative transmembrane current recordings at a VHOLD of 60 mV. Horizontal
bar above the trace shows OlyA/PlyB application. Inset, single pore recordings. (B) Distribution of OlyA/PlyB-formed pore conductance. The conductance (n = 185) was
randomly collected from traces obtained at a VHOLD of 60 mV from 10 independent experiments, and the number of single events of pore opening were plotted versus
conductance (step-size, 100). (C) Macroscopic current recordings during potential ramps (at 600 mV/s) from the VHOLD of +60 mV to 60 mV: under control conditions, after
OlyA/PlyB was transiently applied to the cells for 7 min, and after 2 min application of 1 mM La3+. (D) I–V dependence of the OlyA/PlyB-induced current. The current was
recorded during potential ramps after the protein addition, and is expressed as minus that recorded before (mean ± S.E.M., n = 13). The linear regression curve is shown
(r2 = 0.99).
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blastoma cells was further examined by determining the VREV of
the OlyA/PlyB-induced current upon application of extracellular
solutions of various ionic compositions (Supplementary
Table S1). The VREV was not signiﬁcantly modiﬁed when external
Na+ was substituted for either K+ or Ca2+. However, a 10 mV neg-
ative shift in the VREV was observed at low Cl concentrations (with
NaCl substituted for Na-gluconate in the extracellular solution).
These data suggest that the formed pores were slightly more selec-
tive for anions over cations.
4. Discussion
P. ostreatus produces much higher amounts of OlyA than PlyB
[4]. Therefore, we used OlyA/PlyB at a 9/1 M ratio to examine the
permeability characteristics of the pores created in natural mem-
branes. The colloid-osmotic type of haemolysis and the observed
increases in transmembrane currents are consistent with the
pore-formation mechanism as proposed before for PlyB plus either
PlyA or OlyA [1,3]. The alternative possibility that OlyA/PlyB
activates endogenous cellular pores is unlikely considering the
efﬁciency of OlyA/PlyB to increase the current in the CHO-K1 cells,
which express almost no endogenous voltage-dependent channels
[13]. Similarly, in the N18 neuroblastoma cells, the possible contri-
bution of endogenous ion channels to macroscopic currents has
been experimentally limited. The conductance distributions for
these two different cell types are skewed, and are statistically
signiﬁcantly different. For the pores in these N18 neuroblastoma
cells and CHO-K1 cells, the modal and median conductances were
estimated as 600 pS and 683 pS and 485 pS and 760 pS,respectively. Assuming that the most populated pores, which have
a modal conductance, G, of 600 pS in the N18 neuroblastoma
cells, correspond to the most abundant 13-meric rosette-like pores
that have a pore radius (rp) of 2.45 nm, the length of the pore ion-
conducting pathway (lp) can be estimated using the expression:
lp ¼ p  r2p  c r=G ½15; ð1Þ
where c is the salt concentration and r is the solution conductivity.
The calculated lp of 8.4 nm here is in good agreement with the
height of the rosette-like structure of about 9 nm and the thickness
of the lipid bilayer of 3 nm.
In the standard solution, the estimated VREV close to 0 mV was
not markedly modiﬁed by changing its cation composition. This
means that the OlyA/PlyB pores have no preferential selectivity
for cations over anions. However, when NaCl was substituted by
Na-gluconate, there was a negative shift in the VREV of 10 mV,
which can be accounted for by the larger radius of the gluconate
over the Cl ions (i.e. 0.376 nm versus 0.181 nm, respectively),
which will lead to an overestimation of the anion over cation selec-
tivity of the pores.
In contrast to the pores in the N18 neuroblastoma cells, those in
the bovine red blood cells might be larger, with at least some with
an rh > 3.78 nm. This observation and the statistically signiﬁcant
difference between the asymmetric conductance distributions in
the N18 neuroblastoma cells and the CHO-K1 cells strongly suggest
that: (i) the OlyA/PlyB pores are composed of a varied number of
oligomerised units, as has been indicated previously [4] and re-
ported for MACPF/CDC proteins [15–24] – this is also consistent
with our observation that the Renkin’s model of the osmoticants
transport, assuming a population of equally sized pores [9,11],
Fig. 3. Ion-pore formation induced by OlyA/PlyB (270 nM/30 nM) in CHO-K1 cells.
(A) Representative transmembrane current recordings at a VHOLD of 40 mV.
Horizontal bar shows OlyA/PlyB application. (B) Distribution of OlyA/PlyB-formed
pore conductances. The number of single events were plotted versus conductance
(n = 104), as randomly collected from traces obtained at a VHOLD of 40 mV from 15
independent experiments. (C) I–V dependence of the OlyA/PlyB-induced current.
The average current amplitude (±S.E.M., from 12 independent experiments) was
calculated from macroscopic currents recorded during potential ramps (300 ms
duration) from the VHOLD of 65 mV to +65 mV. The linear regression curve is
shown (r2 = 0.99).
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membrane composition, as reported previously for some pore-
forming proteins [24,25].
In conclusion, the combination of PlyB and OlyA can form pores
in the plasma membrane that show a broad range of conductances
that are grouped around 600 pS in the N18 neuroblastoma cells
and 485 pS in the CHO-K1 cells. Altogether, the linear I–V
relationship and VREV close to 0 mV, the ﬁnding that the induced
current is not markedly modiﬁed by the ionic composition of the
bathing solution, and the inhibition by La3+, suggest that the
OlyA/PlyB pores are neither electrically rectiﬁed nor ion selective.
This is also consistent with the appearance of large pores with a
hydrodynamic radius P3.78 nm in erythrocyte membranes. Thus,
the MACPF domain, the electron microscopy structure of the pores
[4], and the data in the present study indicate that PlyB is similar to
the membrane-attack proteins that are involved in the comple-
ment lytic system, and to perforin and a series of bacterial choles-
terol-dependent cytolysins [5,26–28].Acknowledgements
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